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I. DEERODULTIOH 

The following report describes results of the first year's work on 

a research program directed to the behavior of submarine steels when welded 

under conditions of hindered thermal contraction. 

The principal objectives of the investigation have been to make quanti- 

tative or Mi-quantitative assessments of procedural and compositional 

factors in the development of residual stresses or cracking in or near welds 

cooling while subjected to external restraint, the external restraining 

1 2 
apparatus being so instrumented ' as to give continuous information on 

the magnitudes of bending moment and separating force to which the welds 

are subjected. It should be noted many of the interesting responses exhi- 

bited by materials in the HY-80 category occur long after the weld has 

cooled to ambient temperature; this report might well have been entitled 

"Delayed Mechanical Responses of Welds Subjected to Hindered Contraction". 

A further objective has beento refine and compare different types of 

Instrumented restraining apparatus to the end of developing the most 

sensitive and meaningful tests possible for evaluating and comparing 

materials and procedures from the standpoints of how they influence 

stress buildup and cracking. 

The principal variables which entered into the experimental program 

were: arc energy input, plate composition, filler metal composition, 

the presence or absence of a bending moment in the geometry of the restraint, 

the initial heat treatment of the plate, multi-pass welding procedures, and 

welding process (NIG or submerged arc). In addition, there was some study 
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of the effects of immediate post veld heat treatment. Also, plate thickness 

may be listed as a variable, since more than one thickness was involved. 

In addition to making essentially mechanical observations of contraction 

forces, enough thermal data on veld cooling rates and peak temperature dis- 

tributions vere collected to establish the heat flow conditions associated 

with all experimental velds. The investigation also included metallographic 

study of veld metal -and the immediate veld heat affected zone, but correla- 

tions vith mechanical behavior have, to date, proven negative. 

II. APPARATUS 

Three different sets of apparatus have been used to study hindered con- 

traction under different geometries and magnitudes of restraint; a horizontal 

lever arm shown in Figure 1, a fixed end U-bar shown in Figure 2, and a 

pinned end U-bar shown in Figure 3. Of the three apparatus the horizontal 

lever arm has the lowest overall stiffness. Through the use and location 

of pivot pins, it is possible with the horizontal lever arm to impose any 

desired ratio of transverse bending moment to separating force on the 

specimen weld, and it is also possible to restrain welds in the absence 

of a transverse bending moment. A movable fulcrum on the horizontal lever 

arm permits a wide degree of adjustability in the elastic stiffness of the 

restraining system. 

The fixed end U-bar accords moderately high restraints, and has the 

virtue of no mechanical linkages between the test weld and the stress 

isuring part of the system. However, the ratio of transverse bending 

But to separating force is a nonadjustable feature of the fixed end 
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U-bar. The U-bar is an outgrowth of the keyhole plate used in earlier 

studies , which was in turn a modification of the NEIL slotted plate crack 

susceptibility test specimen; the U-bar has several signal advantages 

over the keyhole plate, including far more precise analytical interpretation 

of results, the possibility of using preheat, lower machining cost per 

specimen, and amenability to the use of run-on and run-off tabs. 

The pinned end ü-bar affords the advantage of restraining the test 

weld in the absence of a bending moment; however, the elastic stiffness 

of the system is fixed. 

The types of test specimens used on the horizontal lever arm and 

pinned end U-bar are shown in Figures k and 5, one of which (Figure 5) 

causes a bending moment as well as a separating force to be imposed upon 

the weld. The weld specimen used on the fixed end U-bar is shown as 

mounted, in Figure 2. In the horizontal lever arm apparatus and planed 

end U-bar, the specimen plates are affixed to the ends of the arms by 

means of hardened steel pivot pins of 0.5 inch diameter, an arrangement 

which renders the bending moment imposed on the weld fully determinant. 

On the fixed end U-bar, the spesimen plates must be welded Into position 

for each run; after completion of the test, the specimens are flame cut 

from the U-bar which can be calibrated and used for a large number of runs. 

Welded connections have been used to minimise backlash in mechanical joists; 

on the fixed end U-bar apparatus, the auxiliary structural welds are 

located and dimensioned so that tnere is no hazard of yielding or cracking 

in any but the test weld location. 



All three sets of restraining apparatus were calibrated on a tensile 

testing machine. An analysis of the U-bar as a curved beam-', checked by- 

calibration, (Figure 6) has led to the following equations for separating 

force, F, and bending moment, M, acting at the location where the straight 

and curved sections are tangent: 

F - 
0.2865s - 0.562SQ 

"~ 0.2398 

2.72S - 0.96s, 
—• 2 i 

O.2398 

(1) 

(2) 

where 

S,, * the absolute magnitude of the compressive stress measured 

at the Inside strain gage location, pal. 

S  ■ the absolute magnitude of the tensile stress measured at 

the outside strain gage location, pal. 

Using theee equations, the applied bending moment and separating force at 

any instant during or after welding can immediately be determined from 

pertinent strain gage readings. With the U-bar apparatus, the relation- 

ship between separating force and bending moment, as reflected in 

Equations (1) and (2), is essentially more complicated than with the 

horizontal lever machine. '»/1th the horizontal lever machine, if the 

specimen 1» designed to produce a bending moment, its magnitude is simply 

the separating force tlmea the moment arm. 

In this investigation, meat of the work was dene using the fixed end 

and the planed end U-bar, because this imposes the severest restraint; 



even BO, it was only possible to induce cracking using rather extreme welding 

procedures. The lever ana apparatus was only used to study the effects of 

post-heat, for which it is ideally suited. The pinned end U-bar was used 

in this investigation only when it wets desired that no bending moment be 

imposed on the weld by external restraint; accordingly, only the specimen 

design shown in Figure k was used with the pinned end U-bar. 

In the graphical presentation of data, only the separating force is 

plotted as a function of time after completion of the weld. Graphs showing 

the bending moment (imposed by the fixed end U-bar) have not provided any 

useful additional information, and so are not presented in this report. 

So far, the only thing which seems significant is whether or not a large 

bending moment is present as part of'the restraint, because only in the presence 

of a bending moment is cracking ever observed. 

III. THERMAL FELATI0HSHIP8 IM HUCTBRED COMTRACTIOK 

The cooling of a weld under hindered contraction must be considered from 

two distinctly different points of view. The rate with which the weld and 

immediate heat-affected zone cool, establishes hew rapidly the weld «an become 

strong enough to sustain an elastic load. In addition, the weld cooling rate 

influences metallurgical structure and strength and thereby the maximum load 

which the weld can be expected to sustain elastically at room temperature. 

The centerllne cooling rate depends primarily upon eonductlom of the heat 

into the surrounding cold metal plate, and la little influenced by eonveetioa 

or ratliation heat transfer from the plate tu the air. On the other hand, the 



overall rate with which the entire specimen loses heat to the surroundings 

establishes the rate of total solid contraction on the part of the plate being 

veiled« and is therefore an essential part of the loading mechanism involved. 

This overall loss of heat from the plate takes place primarily by convection 

and radiation to the surroundings.  (Redistribution of heat within the plate 

does not effect important dimensional changes; it is mainly the heat that 

escapes entirely from the plate whicb is reflected in gross solid contraction.) 

These concomitant and related cooling rates may, in a sense, be regarded 

as competitive. For example, if the centerline cooling rate were large and 

the overall rate of heat loss quite small, the hottest part of the weld would 

acquire strength before most of the load was applied, plastic strain would be 

minimized, and shrinkage distortion effects quite large. If, on the other 

hand, the centerline cooling rate is low, as with high preheat, and oolid 

contraction effects make themselves felt vfaile the weld metal is still very 

hot, substantial plastic flow obtains, and net shrinkage is relatively low. 

Thus, thermo-mechanlcal effects depend fundamentally upon the rate of overall 

cooling as compared to the rate of centerline cooling in the subject weld. 

It is possible to make a direct mathematical comparison between the center- 

line cooling rate of the weld and the overall rate of heat transmission 

to the surroundings. There is one special case whieh can be analyzed quite 

simply to show the effects of weld variables on these two different cooling 

rates. Consider the Instant at which the weld metal has Just become 

completely solid; the weld centerline Is cooling at a rate which, for the 

k 
conditions of this investigation, is accurately expressed by : 
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f - 2«IpCp (^)
2 (Tm - T0)

3 (3) 

where 

K 

V 

t 

4 

T 

«9 

thermal conductivity of the metal 

density of the metal 

specific heat of the urtal 

Telocity of arc travel 

thickness of piste 

arc power 

melting point of the.iuetal 

the initial temperature of the metal 

centerlime cooling rate 

Using reasonable value« for the thermal properties of steel, a Almen- 

slonal equation giving the cooling rate in °F/sec is: 

*p 2       3 
g - 120 Vt   (T - I0)  (3A) 

1 

where q/v is in Jbules/ineh, the plate thickness, t, in inches, ami 

temperatures in °F. 

The transverse shrinkage experience* by the weld depends on the thermal 

coefficient of sollt contraction, a,  and the coefficient of heat transfer, h, 

from the surface of the cooling weldnemt to the surroundings, In addition 

to the other thermal variables Identified above. The kinetics of trans- 

verse shrinkage can be expressed In either of two ways. Equation (k),  below, 
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gives the net transverse shrinkage, V, and Equation (5) the rate of shrinkage, 
ig 
~) *n fun'/bioa of time, 9, after completion of the veld. Strictly speak- 

ing, these equations pertain to a relatively short veil, In vhlch longitudinal 

shrinkage has little effect, and which is free to undergo lateral thermal 

contraption; there is no external restraint. 

2 h 9 

» ■ 4-   p c° t     1 - •" p V      • • • • w 

2 h 9 
*H - _SL  2 h a     . " pc t /«-x 
» " V   7c   t2       e    P        .... (5) 

The exponential form of Equation (5) properly suggests that the rate 

of shrinkage is the greatest immediately after completion of the veld. Of 

course, the total shrinkage reaches its maximum value long after completion 

of the veld, vhen the r»+«l has cooled to ambient temperature. Equations(6) 

and (7) show the values at these extremes. Equation (6) gives the maximum 

total transverse shrinkage and Equation (7) gives the maximum (initial) 

rate of shrinkage < »periemced by the veld. 

w ■ <-T->     ;nr4  <*> 
P 

(vhen 9 la larg^) 

(vhen 9 Is zero) 

v '      Try)2  (T) 
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Kxpressiag these la dimensional form: 

• - ...fcftCl (l~he")    (6A) 

£ ■  ».jgfl (lMh/hr)    (7A) 

where, again, are energy input is in Joule»/lach, and plate thickness la 

laches. 

If, instead of being free to contract, the plates are completely restrain- 

ed It la possible to express the average transverse stress developed la the 

weld. Equation (8) gives the maximum transverse stress which could possibly 

be developed in a restrained weld. The overall transverse width of the 

weldmeat, W, might also be regarded as the separatlag bewteen the clamps of a 

perfectly immovable restraining fixture. The maximum stress would only be 

realized if all the thermal strain  re elastic. The symbol, t', refers to 

the depth of the minimum load-earryiag section in the weld, which in general 

will be smaller than t, the plate thickness. These equations pertain only 

to the first of several pauses used in producing a Joint. 

8 ■ <-H   inrSN  <8> 

where 

S » transverse stress in the weld metal 

S - modulus of elasticity 
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Expressing Equation (8) dimensionally: 

S - 6 ^-fr-Tf  (SA) 

iS 
übe rate of stress builiup In the weld, -^    is In soae ways even 

more interesting than the total maxima stress which aan be developed, and 

this is given by: 

W     V    (pcp)
2 if 

Expressing Equation (9) dimensionally: 

where 

p 
S is in lbs/inch min. 

Xu Equations (3A), (6A), (7A), (3A), and (9A) the numerical values 

which can be used to evaluate the constants are listed in Table V. 

The load carrying aeetion of the weld, represented by t', can be measured 

or estimated from the weld arc energy Input using the following approximate 

relationshipst 

t* .   -JL  -a—  (60° included angle, 
5W   V       first pass)    ....... (10) 

** -  "15S  4~  (3°° i»el*ded *HP», 
iQO V       first pas«)     (11) 
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The mala purpose in presenting these mathematical expressions is to show 

that the operating variables which influence both the centerline cooling rate 

and the overall shrinkage rate have generally opposite effects. Thus a high 

arc energy input tends to reduce the centerline cooling rate but increases 

the rate of transverse shrinkage. Decreasing the plate thickness exerts the 

same two effects. 

The effect of pre-heat is somewhat more complicated. If both the re- 

straining fixture and the weldment are uniformly pre-heated to some elevated 

temperature, there will be shrinkage of both the weldment and of the restrain- 

ing fixture, since both are losing heat to the environment. There will still 

be stresses developed In the weld, because It has excess heat to lose to the 

surroundings. Since the effect of pre-heat is to reduce the centerline 

cooling rate of the weld (Equation (1)), the effect will be to favor plastic 

deformation of the weld and thereby reduce stress or distortion. If, on the 

other hand, only the weld is pre-heated and the restraining fixture remains 

of fixed dimensions, pre-heat contributes to the total thermal contraction 

load the weldment imposes upon itself, and the effect can be to increase the 

stress or distortion resulting from welding. 

Thus all of the Important thermal variables of welding have opposing 

Influences on shrinkage rate and centerline cooling rate. Finally, it should 

be noted that environmental conditions influence the magnitude of h, the surface 

coefficient of heat transfer, which has a direct bearing on the transverse 

shrinkage rate but no important effect on the centerline cooling rate. For 

example, under the same conditions of are energy input, plate thickness, 

and pre-heat, the submerged arc process differs from the MIS. process in that 

surface heat transfer and therefore transverse shrinkage is less with the 

submerged are because of the insulating character of the slag covering. 
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Because of this, the two processes exhibit different rates and magnitudes 

of self-imposed loading under conditions of hindered contraction. 

IV. KXPKKIMEIEEAL CONDITIONS 

The result« «eported herein pertain mostly to single pass arc welds 

deposited in 1/2 inch, and 1 inch HY-80 steel plates using MIG and sub- 

merged arc welding procedures. Three different heats of BI-80 were used, 

having slightly differing chemistries, hardenability, and (presumably) 

susceptibility to weld cracking. Two different filler wires were used. 

Plate and filler compositions are presented in Table I. All welding 

was fully automatic and the summary of welding conditions is presented 

in Table n. The combinations of voltage, amperage, wire diameter, and 

series inductance which were used with the MIG process resulted in a 

relatively short arc length with fairly insensitive response, a set of 

circumstances which was found to produce the most regular p<_ 'ctration 

and weld bead contour. The conditions actually approached without quite 

reaching short circuiting arc operation. Two joint geometries were used: 

60° included angle, single Vee, l/l6 inch root opening, for the 1/2 ino-h 

plate; 30° included angle, double Vee, l/l6 inch root opening, for the 

1 inch plate. 

Heats A and X were received in the heat treated condition while heat 

P was received as hot rolled plate. The hot rolled plate was austenltized 

at I650PF for one hour, water quenched, tempered at 127^ for one hour, 

and water quenched. The mechanical properties of the plates are shown in 

Table in. 
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Y. SPECIAL THERMAL STUDIES 

During several of the cracking experiments, peak temperatures «mi 

critical cooling rates experienced during welding were established using 

5 6 
experimental techniques previously developed. ' 

Temperature measurements were made by means of platinum-plctinum 10# 

rhodium thermocouples, percussively welded to surface locations. Surface 

temperature measurements made by percussive weld thermocouples are in error 

by amounts which depend on the diameters of the thermocouple wires, if the 

thermocouple is larger than 0.020 inch diameter. Using thermocouple wires 

heavier than this results in low readings because of conduction losses along 

the thermocouple leads. With wire diameters smaller than 0.020 inch, 

temperature measurements are independent of wire diameter, and are presumed 

correct. In this investigation, thermocouple leads were 0.005 inch in 

diameter, and the leads were independently welded to the plate surface 

location of Interest, such that the thermocouple bQcd was in fact composed 

of steel residing in the plate surface. 

Surface temperature measurements have been correlated with observa- 

tions of ma «restructure and microstructure. Determinations were made of 

the peak temperature associated with the outermost etching boundary in 

HI-80, which was definitely established as 1300 - 30°F. This observation 

prevailed for welds embracing a ten-fold range of cooling rates. With 

this piece of information, wolds in BT-80 can be thermally "diagnosed" 

by measuring the extent of the heat-affected tone. 

The mt«restructure associated with this 1300°F peak temperature 

experienced is shown in Figures 7 and 8, for HT-dO at 100 and 500 
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nagnificntions. The transition zone is associate* vith the lower critical, 

and. consists of a dispersion of aartensite or very fi«e pearlite (depending 

on the cooling rate) in a matrix of substantially unaltered base material. 

Correlations of weld metal structure vith arc energy input for many 

alloys (other than steel) have shown that dendrit* arm spacing is inversely 

proportional to the square root of arc energy input. Attempts to perform 

this type of correlation of dendrite structures in HI-80 have met with the 

difficulty that solid state transformations generally obscure dendrite 

patterns. However, under certain conditions dendrite patterns such as that 

shown in Figure 9 oan be resolved at locations near the fusion boundary, 

which is the area of most interest with respect to delayed cold cracking. 

For some reason the dendrite pattern near the center of the weld is 

completely obscurred by a Widmanatatten type transformation, the coarse- 

ness of whieh also varies directly with are energy input (inversely with 

solidification rate). The way in which the dendrite spacing varies with 

ara energy input near the fusion boundary is shown in Figure 10; this 

linear correlation conforms with that earlier observed with aluminum-, 

7 8 
copper-, and nickel-rich alleys. '  An understanding of these relation- 

ships and the ability to measure the dendrite spacing at the fusion 

boundary may lead, through further study, to establishment of relation- 

ships among dendrite spacing, dimensions of the heat-affected sons, arc 

energy input, and delayed cracking of welds subjected to hindered contrac- 

tion. 
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VI. EFFECT OF PROCESS VARIABLES ON REACTION LOADS AND CRACKERG 

The data OB the development of transverse reaction loads and moments 

ant the incidence of «racking for all coaiitions studied in this inves- 

tigation, are summarized graphically in Figures 11 through 25. All the 

curves are transcribed and calculated from continuous strip chart records 

of strain gage output. 

In reading the curves of separating force or bending moment vs. time, 

the following ground rules are important: 

(1) Unless otherwise designated, all determinations are for single- 

pass welds, which are so deposited as to represent the first pass in a 

multi-pass welding procedure. In these case», the weld deposit is sub- 

stantially smaller in load carrying section than the surrounding plate. 

(2) The convention used throughout is that positive separating 

force reflects net tension transverse to the weld. A negative separating 

force implies compression. 

(3) The apparatus was sensitive enough to determine irre^lnrities 

in the development of transverse loads and bending moments. Since these 

irregularities are themselves of some interest, the curves have bean 

drawn as faithful representatives of the original data with any "wiggles" 

loft in. Both yielding and cracking are phenomena vt.Lzh tend to take 

place discontinuously. 

(it) Over the eourse of the investigation it was learned that the 

■train recorders gave very delicate indications of cracking. Cracking 

always initiated at the end of the weld nearest the restraining fixture. 
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Craeking was »ever detected metallographically in any specimen in which 

It was net als* detected by the strain recerder. Cracking is indicated 

on the curves by snail arrows labeled "craek observe*", which indicate 

the instant at which cracking was first Observe* either an the strain 

recorder or optically. Usually the twe observations coincide*.. 

(5) In all but one case the coordinates af the graphs are separating 

farce and tin« after finish af welding. The ane exception (Figure 21) 

shows the banding moment, acting at the center af the weld, as a function 

of tine after finish af welding. 

VII. CONCLUSIONS 

(1) With these steels and filler Materials, higher arc energy input 

per pass is generally associated with higher separating faree. This is 

almost always true af the maximum separating farce experienced, and, with 

few exceptions, is also true of the final steady separating force, (Figures 

11, 12, l6 and 19). This relatienship between separating force and ore 

energy input is generally true af the plain oarbea or relatively low 

strength hardeaable steels, whatever the welding process. With higher 

carbon hardeaable compositions, the reserve is sometimes observed, because 

for these materials the effeet af cooling rate may overwhelm the effect 

of the site af the weld dapaait. 

(2) With law energy single pass welds, the separating faroe may 

actually bo negative (compressive), particularly when the weld is 

deposited under aandltlans af restraint which da not impose a bending 

moment (pinned end U-bar). This is interpreted ta mean that plastic 
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deferaatiem precedes tke expaasiem effect« asseciated witk tramsfermatiem 

•f austemite (Figures 12 «mi 13). 

(3) Lew eaergy siagle pass submerged are veli« exkibit a remarkable 

reduetiem im separatlmg faree at times laag after campletiam af weliimg 

(Figures 18, 19, 22 ami 2k).    Tkis effect was abserred far all tkree plate 

cempesitiems. All submerge* are weliimg ia tkis pragram was dame witk 

filler A, se it kas mat yet beea establisked wketker tkis is akaracteristie 

•f tke filler, tke preeess, ar tke cembimatiem. Hawever, tkis very 

delayed reiuetiam im separatlmg ferae was mat abserred vitk tke MIG pracess 

usimg eitker filler. 

(k)   As kas beem abserred witk etker kardemabla steels, eraeklmg is 

geaerajly fevered by extremely law are eaergy imput, «ad tke lawer tke 

ara emergy imput, tke less tke time delay asseeiated witk cracklmg (Figures 

Ik amd 15). Umdar eemditiems af autamatic weldimg, usimg rum-am amd rum-eff 

tabs sa tkat ma «raters were preseat witkia tke stress field, it was feuad 

exceediagly difficult te imduee cracklmg witk tke filler aad plate 

cempesitiems used im tkis imvestigatiem. Furtkermere, erackiag wau aever 

rapid er catastrepic emeugk te be audible ar te reflect mej*r abrupt ckaages 

im abserred reaetlem leads. Separatimg feree eamtimues te iacrease after 

tke lmltiatlea af eraeklmg. Obaervatiema af cracklmg were limited te 

Heat P. It was met feuad passible, evea witk extremely law ara eaergy imputa, 

te lmduce eraeklmg ia eitker Beat A er Heat X. 
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(5) Tke effects ef rariatleas la aulti-paas weldiag preceiures were 

as expeeted. Iücreasiag the are eaergy Jjtjst per pass geaerally results 

la kigker separatiag farces, aal iaereaslag the tiae delay betveea passes 

als« laereases aeparatiag farces. This alsa parallels earlier ebaerva- 

2 
tiaas aade with ather hardeaable steels.      Durlag the actual depesitiea 

af a weld pass,  there is seae relief af reactiea leads iapesed by earlier 

passes, because af aeaetary expaasiea aad stress relief aeeeaplisked by 

the are heat, but there is a eeaaulatire effect ia that each weli pass 

ails ta the flaal tetal reductiea lead. 

(6) The delayed reductiea ia aeparatiag farce, which seems peculiarly 

aeaeciated with the submerged arc preeess, has act beea abaerved with high 

eaergy siegle pass depeaits, but Is narked with high eaergy aulti-paas 

depesits (Figure 20).    The effect ia by aa aeaaa aaall; Figure 20 shews 

a reduetiaa la separatiag farce the erder af 13 taaa aetiag aa • lead- 

carryiag crass aeetiea af weld aetal which was slightly greater thaa aae 

square lack. 

(7) Geaerally,  the akape af the beadlag aaaeat vs. tlae curve clesely 

parallele tke carrcspaadlag graph af separatiag farce,  far wkick reasaa tke 

beadlag aaaeat currea aara aat beea iacluded ia tkis repart.    Hewever, tkere 

are laterestiag effects aa tke beadlag aaaeat acted vltk aulti-paaa 

prceedurca aa akcwa ia Figure 21.    Durlag actual depaaltlaa cf a weld paaa 

(ether thaa the first) there ia urailly a fairly abrupt decrease la 

separatiag ferae (Figure 20) especially with klgk eaergy passes,  cad a 

alanltaaeetta aaaeatary iaereaae la beadlag aaaeat (Figure 21).    Tkis refleete 

the aaaeat«ry aaa-ualfara heat  dlatributica aad lecal perturbetlca af tkaraal 

straia walik ia develcped durlag weliiag, aad wkick quickly diacipatcs whea 
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the heat supply ceases. 

(8) Plate composition has a fairly snail effect «a separating force 

(Figure 22). As expected, at lev energy input, the «ore herieaable 

plate gives a higher separating force, but with higher energy input, there 

is ns significant difference (Figures 22 and 23). There is even a variation 

•f plate thickness reflected in Figure 23; Heat A was 1 inch thick and 

Heats P and X were l/2 ineh thick. 

(9) Immediate legal application ef pest-heat delayed the development 

of separating force but does not reduce its magnitude (Figure 25). In 

fact separating force is increased. This is in sharp contrast to the 

2 
behavior of higher carbon hardenable steels. 

(10) Although more data are needed to bring about a close correlation 

of thermal and mechanical events, examination of the graphs in the light 

of ejaculations mode using Equations (3A), (8A), and (9A),.conclusively 

indicate that veld octal deposited under conditions of restraint experiences 

some plastic defamation immediately after the supply of arc heat ceases. 

Usually there is a transition from plastic to elastic behavior during 

cooling and the residual transverse average stress is somewhat less thaa 

yield point magnitude, but seldom less thaa l/k the yield stress. 

(11) The discontinuities reflected in nany of the graphs are real and 

reflect irregular dimensional ehaages la or near the veld, nany ef which 

take place long after the veld has completely cooled to room temperature. 

Those delayed effects boor oa the magnitude of and time dependant ehaages 
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lm reaidual stresses, «mi therefere have am imeertaaee which ia aemewhat 

separate trmm the questiea af weld craskiag. 

(12) Tke imitial ceaditiea af heat treatmemt ef am HI-80 cempesitiea 

evideatly has very little ta ia with seaaratiag ferae er eeli crackiag. 

Heat A, which waa heat treated te 159, 500 psi yield, beharei quite like 

Heat P aad X im aeat respects. 

(13) Wel4 metal atreagth imereases with deereasimg are emergy imput 

(Table V). Iaereased sf/lidificatiem aai selid state eeelimg rates are 

eemeidered respeasible. It is impertaat te aete relatxvely high atreagth 

depesita, made by aultipaas lew eaergy submerged art, develep lewer 

(maximum) seaaratiag farces thaa de lewer streagth high eaergy multipass 

depeaits. 

(lU) Of the varieus reatraiaiag apparatus whlah hare beea use*, ever 

the part 8 years im this lebaratery, fer medium atreagth bardemable eteel« 

the fixed ead U-bar appears auperier by reaaea ef high semaitirity, 

repredutibility aad ceaveaieace. Alae, the eireuaataaee ef leadiag with 

the fixed ead U-bar mare mearly apprexiMatea that eaeeumtered ia practice 

thaa ia the case with aay ef the devices iavelvlag piamed eemmectiema. 
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TABI£ IV 

ABflwei Values of Therms 1 
Cematamts Used in Equations 

(3A), (6A), (7A), (Ok)  ami (%) 

Caeffif ieat af Sxfaaai«^ a, 6.7.* AO"6  op"1 

Demaity , p, 0.27      Lb/la3 

Specific Heat        , C . O.lU      BTU/lb °F 

Heat Traaafer Ceeffieieat 
(average, steel te air, 
ebaerved im velAimg, 
ratiatiam + cemveetiem), k, 10 BTU/ft2 ar °P 

Medulua af Elasticity  , E, 30 • 106 Lb/im2 

Taeraal Cemtuctivity 
(■rerage, ebaervei    , K, 
im welilmg) 

20 BTU/ft mr °F 
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Figure 2. 

Fixed End U-bar Design 
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Figure U. 

Specimen Design for Pure Transverse Loading 

with Horizontal Lever Arms 
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Figure 7. Microstructure of Location Having 1300°F Peak Temperature in HY-80 

Magnification: 100X       Nital Etch 

Figure 8. Microatructure of Location Having I30CPF Peak Temperature in HT-80 

Magnification: 500X 
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Figure 9. Dendrite Microstructure of Weld Metal in H3f-80 Near Fusion 

loundary 
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